The problem of shock wave turbulent boundary--layer interoction in gas-particle flows through circular ducts is investigated experimentally. The effects of the amount of solids in the air flow, the intake design parameters such as; the upstream driving pressure, intake Mach numbar,duct length and the back pressure on the interaction characteristics have been investigated. The results indicate clearly that the interaction characteristics are mainly affected by the present of solid particles in the air flow and the duct length. A lower pressure recovery is expected as both of the intake Mach number and the amount of solid particles,suspendA in the air, are increased. As the solids loading ratio increases the pressure recovery decreases, while as the duct length increases the shoe interaction becomes stronger.
INTRODUCTION
The design and development of high performance turbomachinery operating in an ambient with solid particles requires a through knowledge of the fundamental phenomenon associated with particulate flows. Air craft engines and inductrial gas turbines operating in dusty areas or in places where the atmosphere is poluted by small particles can be examples of machines operating under gas-particle two phase flow conditions.
The problem of shock wave boundary-layer interaction in cylinderical ducts is of great practical importance in the design of supersonic air intakes jet propulsion units, high speed centrifugal compressors and supersonic wind tunnels. Unlike the case of single phase flow, no experimental work has been published of shock wave boundary-layer interaction in a gas flow carrying particles through cylindrical ducts. Most of the recent studies in this field have been made on gas flow diffusers, nozzles and ducts operating when preceded by a normal shock boundary-layer interaction, [1] [2] [3] [4] [5] [6] [7] [8] .
In this paper, An experimental investigation of shock boundary-layer interaction in gas-solids flow cylindrical duct has been considered. Effects of interaction parameters such as; the upstream driving pressure, the intake Mach number, a duct length, and the back pressure as well as the Solids loading ratio on the pressure distribution caharoteristics of the interaction. In particular the variation of both the shock position inside the duct and the pressure recovery across the shock are examined, and consequently the intake design parameters con be optimized.
EXPERIMENTAL APPARATUS AND INSTRUMENTATION
The overall test rig layout is shown in Fig. 1 . The rig comprises an air supply, o means of feeding the solid powder into the air flow, a test section, a means of separating the solids from the air flow and devices for air and solid flow measurements.
Air Supply
The air Supply is from two air compressors with a free air delivery rating of 10 m /min a5 a pressure of 8 bor. The compressors deliver to an air receiver of 7.2 m capacity, after being fully dried and filtered through a filter unit. The storage tank is connected to the rig by a pipeline 6.7 m long and 50.8 mm diameter
Powder Feeding and Injection Systems
The solid material is stored in a hopper of 0.05 m 3 capacity which rests on a weighing machine. The space in the hopper above the powder is pressurized to cssist the particle flow. The solid particles are introduced into the air flow through a combination of two valves. The lower valve is fitted with a pointer and a scale clibrated in 10 intervals. This valve was used to control the solid flow rate over a wide range of values. The mixture is injected into a 2.54 cm pipe diameter and 30 cm length through four injectors mounted flush with the internal surface of the main pipe rig, Fig. 1 . The injection system was found to provide a uniform steady flow of the mixture.
Solids Separation
After the air-solid suspension has passed through the test section, it is led into a cyclone-dump chamber designed to remove particles from the flow down to a diameter of 12.5 microns. The clean air flow; with unseparated particles; was passed from the top of the cyclone through a fabric bag filter and exhausted to atmosphere through a control valve. While the solid particles separated in the cyclone, were collected in the dump chamber. After a series of experimental runs, the powder has to be reloaded into the storage hopper for reuse.
Test Section
The test section is consists of a supersonic flow nozzle and a 25 mm diameter circular duct followed by a conical diffuser of inclined angle of 12° and has an overall area ratio of 4:1. Two different nozzles were used and identified as follows:
The first nozzle has a throat radius of 10.02 mm, Ae/A = 1.556 and 1.9 exit * Mach number. While the second nozzle has a throat radius of 10.81 mm, Ae/A = 1.337 and 1.7 exit Mach number. The nozzles were designed on an inviscid air flow basis, the discohrge Mach number of each was slightly modified from its design value. Thus for the desired discharge Mach Limbers of 1.9 and 1.7, the nozzle Mach numbers were 2.15 and 1.8. Three _J 
Measurements of Air and Solids Flow Rate
The air flow rote was measured by a standard orifice plate. The solids moss flow rate was measured by timing the change of weight of the solids hopper. A torque potentiometer was attached to the weighing machine pointer, Fig.  2 to provide an output voltage; which available to read from a digital voltameter. By this method and by th, help of weighing machine calibration curve, the solids moss flow rate at any position of the valve opening was determined.
Pressure Measurements
The static pressure distribution along the duct wall was measured using a multiple U-tube manometer system. Two Bourdon pressure gages were used to measure the total intake pressure (P ), before entering the test nozzle, and the downstream back pressure (P B ) in the diffuser toil pipe before the downstream valve.
RESULTS AND DISCUSSION
The experiments were carried out for a wide range of air flow rates and solids loading ratio. The solid particles used in these experiments were polyvinyle-cloride powders. The physical properties of this powder are shown in Table 1 . 
Pressure Distribution
A shock wave turbulent boundary-layer interaction in a gas-particle duct flow is governed by five design parameters; Po, L , M., Piq and X. The effect of these parameters on the static pressure distribution is shown in . , it can be seen that, for a certain nozzle-duct length combination and at a constant back pressure, the shock moves further as P o or X increases. Also it is clear that as P or X increases the pressure gradient in the shock region decreases. o This can be explained by noting thot an increase of P moves the shock further into the duct giving the boundary-layer the cha o nce to grow thicker resulting in a strong interaction, i.e. a weaker shock and smaller value of dP/dL are obtained. Also the persence of solid particles providing an additional pressure drop component through the mechanism of momentum exchange between the two phases and the additional turbulent energy will b_ produced in the flow. For these reasons, the maximum value of dP/dL occurs in pure air flow, X=0, and decreases with X increases. From Fig.5 , it can be seen that, for constant value of X and P . as the back pressure P B increases; the following cases occur:
(1) the shock moves upstream and finally recedes into the nozzle, and (2) the shock strength increases and its interaction with the boundary-layer becomes weakness. Fig. 6 , shows the voriation of pressure along the duct length, for different duct lengths, while the remaining design parameters are kept constant. The results are for both air flow and suspension flow. From the results it can be seen that as the duct length increases, the shock moves further upstream and the value of dP/dL in the interaction region increases. The upstream movement of the shock is attributed to the increase in aerodynamic resistance of the longer duct. In the case of longer ducts the pressure continues to increase for a longer distance after the shock position. While for shorter ducts (for late shocks), the interaction completes rapidly. From these results it can be concluded that the best inlet conditions to the diffuser occur in the case of longer ducts and then a good diffuser performance will be obtained. Fig. 7 , indicates the effect of changing the value of inlet flow Mach number M. on the pressure distribution. For smaller value of M. the interaction is stronger and the redistribution region is smaller. This is expected since the shock is moved further in the duct with the increase of M. and this will give a thicker boundary-layer along the duct wall. Therefore, the length of redistribution region increases for the higher M..
Interaction Characteristics
The parameters describing the interaction characteristics (Xs and c ) ore defined in Fig.2 . The shock position (Xs) is defined as the distance from the duct inlet to the point where the pressure distribution starts curving upwards. While the pressure recovery coefficient c is defined as; 
L.

C = p r
while the boundary layer is still thin and the weak interaction with the thin boundary-layer occurs; i.e. higher pressure recovery occurs. For the case of small value of P 8 the shock moves to the downstream where the boundary-layer is thicker and then C decreases. Also from Figs. 8-11 it can be seen that the shock moves ?urther (Xs increases) inside the duct when the solids loading ratio X and P are increased or when P. and L/D ore decreased. In Figs. 9 and 11, he results for pure air low ore also illustrated for comparison with those for suspension flow. The values of Xs and C , for all tested duct lengths (L/D) and P, are mainly affected by thePpresence of solid particles in air flow. °
CONCLUSION
The phenomenon of shock wave boundary layer interaction in a gas-solid flow duct has been studied experimentally. The results demonstrate that the pressure recovery coefficient and the shock position are mainly depend on the value of solids loading ratio, upstream driving pressure, back pressure, intake Mach number and the duct length. As the solids loading ratio increases the shock moves further downstream and the value of pressure recovery in the interaction region decreases. For a certain value of solids loading, the best inlet conditions to the diffuser occur in the case of longer duct. Also the pressure recovery coefficient has a higher value in the case of longer duct. This will give a good performance of diffuser. Therefore, in practice the longer ducts are recomended to be used especially in dusty areas. • -J
INTRODUCTIC114
The problPm of fluid outward flow between a stationary flat disk and a rotating cone di sf his many applic:ations in engineering . Some of works doalinq with this problem are reviewed here . In [21 thP flow between a shallow rotating cone and stationary plate has been investigated visually . Moreover, measurements of tare torque rRquirPd to rotate the conical disk were conducted . An expansion of the Navier-Stokes equations is performed for small yalues of the single parameter (PF .1. 2/12) . There were agreeMents between theoretical and the measured results in the range of (0.52: (R.:1 1 /12) •,4) .
In [7] the laminar outward flow in rwArrot,1 hpt.wp.?ti two disks rotating with angular v'elocities l itud cr.? is considered.
• The effect of symmetrical convergent gaps of inlet to outlet height ratios (12/B1) from 0.25 to 1.7t have been studied , by solving the simplified Navier -Stokes equations nj finite differences method .
In this work theoretical and experimental studies are presonted for incompressible fluid flow between a stationary and a rotating conical disk with small angle ( of about one degree 5. The problem to be solved is sketuhed in Fig.(1) , (h) is the minimum gap height between the stationary and the rotating cone disk and the variable gap has the height (hr). The fluid enters the domain axially through • circular opening of diameter (Di/ in the stationary one,the outer diameter of the rotating disk is (Do) and the angle of the rotating con is . s parabolic velocity profile (Mi) is assumed at the inlet The gap height is an arbitrary function of radius . The last assumptions were used in [41 . Under these assumptions the Wavier -stokes equations describing the flow between a stationary, and rotating cone disk can bP wriAten in the following form (see Fig.(1) ) .
Continuity Equation:
(1/r)6(ru)/6r + 6w/6z = 0
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METHOD OF SOLUTION
Equations (1) to (4) 6 z N explicit method of solution was used in the calculations because of its simplecity , using a very small axial step A7 whilethe process is valid only for 0 <(6.2/ar ) .4 0.9 and Ar must be kept small in order to attain reasonable accuracy r71 .
To solve the equations by this technique the following boundary conditions were used :
At -= h 1. Do,7 :
The initial conditions at the inlet scrtion were taken as :
The initial velocity profiles , w(2) are taken from [5] as u(2) = ( 70iirrh )(Al -;?) , P 04-2/ti and w(. ..) = 0
For every internal grid point (1 , :j-:11) , 1. 2.71.:.H) , Eqns. (1) to (4) are replaced by the algebraic finite-difference approximations using forward -fIrlitP difference formula for the first derivatives and centeral-differonce formulas for the second derivatives . After applinq the last approximations on 'momentum and continuity equations , it oiyPs a formula for the unknown velocities u , v and w and pressure p at 1+1,j i+1,j 1+1,1 i+1,j the (i+1,j)th mesh point in tPrm of known vp1ocitip, ,s and pressure along the j.-Ith column . The equations of these variables are given in [5] as follow : U1 4-1 ,.., = UL ,j -Al(4 ,r/r) -wi , j,,,(Ar/Az) + wi,..1 0.r/Az) (9)
where A l, B1 and CI are the radial, tangential and axial velocities at the inlet respectively and A, B, C, D, E and F are given by:
E= p/ 96r 2 and F = SAr (13 )
Hence one can calcUlate the unknown pivotal va1ur ,s of u along , the first i-column in terms of known boundary and initial values at is-1 . Then the unknown pivotal values along the second i-column can be determined from the calculated pivotal values , this. steps are eecuted for the other parameters of flow . At every step the pressure at the (1+1,j)th was calculated . A computer program is executed to solve the last equations to find the pressure distributions . A flow chart represents the steps of solution of this computer program are given in [5] .
SOME EXPERIMENTAL DETAILS
A testing apparatus is designed to carry out the experimental work of this investigation . The apparatus is shown in Fig. <3 ).
The principal object of this wort was to dPtormine the radial pressure distribution between the disks , which were obtained from a bank of manometers coupled to Et:7itiL pressure tapings seperated by 5 mm radial distances betweeen each others in the stationary disk .The test apparatus consists of face plate,back plate,cylindorical housing,stationary disk and a rotating disk, with small cone angle of about one degree . All the last parts were made of presspe:: , the other parts whiCh formed the apparatus as the driving , suppply circuit and the measuring devices are made from other materials . Complete describtion of the apparatus are given in [5] . This section is concerned with the discussion of the experimental measurements . The measurements of radial pressure are represented in Fig.(4) . Figs.4(a,b) show the effect of varying the rotational Reynolds number on the radial pressure distribution at H=0.1 and H=1.0 . Increasing the rotational Reynolds number leads to increase in negative pressure . All the curves take the same trend and the maximum negative pressure is shown at a radius ratio of about R = 5.0 . This result is refered to increasing the hydraulic losses in the entrance region of the disk and the vena-contracta effect . The same result can be shown in Fig.4(c (1) and for the conical disk by (2) . The cone angle increaeee the amplitude of the negative pressure at small H ,while at higher H ,H = 1 the value of maximum pressure drop is reduced .
COMPARISON BETWEEN NEASURNENTS AND THEORIES:
This section concerns with the comparison between the experimental and the theoretical results obtained from both of the analytical method of sitriplified Havi er -Stokes equations obtained from [6] and that obtained from the solution of the Navier-Stokes equations by the finite differenee method (FPM) which is given in this work . The inertia of flow terms jte included in the last solution while it .OEiE not inLluded in the analytical method . So some eperiment41 pie',,:sut profiles ar•= represented with the theoretical i.1 1, in the Lwu L. ea of solution at same initi41 .4nd to:tnd4; Li.nditions .7 arid 1.e respectively . Tt is clear from the results that there are large doviatione between the theoretical results obtained frum both methods and the meaeurements at the inlet region . These deviations could be explained as a result of the place of measuring the inlet pressure and the sharp edge effect at the inlet , in which the flow changes it's direction from axial to radial direction causing a small seperation region.These effects are concluded in the measurements but were neglected in the theoretical analysis . The agreement between the measured pressure distributions and the theoretical results For the numerical solution to be credible , some comparison with others computaions is essential . This is. also n ✓cessery to ensure the edequacy of the grid employed . Such a comparison is presented in Fig.5 (1) is good at the given two inlet Reynolds numbers , (Rel.= 100 & 1000) . The deviation between the computations for the flow type (2) at ReL= 100 is due to the Lone angle . As can be seen the agreement between the computed results of this work and that in [4] for flow between two flat disks is quite satisfactory .
CONCLUSTOMS
From 'the results obtained from this work the following conclusions are drawn 1. The analytical method (AM) gives a good agreement with the experimental results for the big rotational Reynolds numbers ,small inlet Reynolds numbers and small gap heights . This agreement could be explained as an effect of the big value of inertia due•to rotation and small value of inertia due to flow . The deviation increases at big gaps and at high inlet Reynols numbers, at which the flow inertia has big values .
2. The increase of the rotational Reynolds number increases the amplitude of pressure and this depends upon the inlet Reynolds number and the outer radius of the rotating disk also .
3. The increase in the gap height increases the inertia of the flow , so the pressure will increase by increasing the gap height and this increament rate of pressure is sMaller at bigger values of gap .
4. The solution of the Navies-stokes equations using the (FM) gives good and better agreement with the experimental results than the analytical method (All) at the big gaps, for all measured values. of Re4 and Rot . This agreement is retained to the terms of the inertia of flow which are taken in the consideration in the (FDM)-calculations .
5. Finally the most important thing in this work that the area under the pressure distribution curves represents the axial thrust upon the disks . Then these figures show how this important parameter is under the control of the designer, by changing the values of H , Rei and RPt.
